Abstract A prospective study was performed to evaluate the efficacy of neurophysiological monitoring (NPM) techniques in the detection of ischemic changes that may be seen during endovascular treatment of cerebral aneurysms. Sixty three patients underwent NPM during first-stage endovascular treatment of cerebral aneurysms. The endovascular procedures included coil embolization (26 patients), balloon-remodeling coiling (16 patients), stent-assisted coiling (ten patients), balloon-stent-assisted coiling (nine patients), and balloon test occlusion (two patients). NPM included electroencephalography, somatosensory evoked potentials, and brain stem auditory evoked potentials, depending on the location of the aneurysm and its associated vascular territory. NPM changes were seen in three patients (4.8%), and the procedures were altered immediately. No neurological changes were found postendovascularly. Ten patients demonstrated abnormal angiographic findings without concurrent NPM changes, of which five patients developed visual disturbance or hemiparesis. It is concluded that NPM is a valuable monitoring tool for endovascular treatment of cerebral aneurysms.
Introduction
Endovascular therapy of cerebral aneurysms may result in thromboembolic complications, or may impede blood flow partially or completely in the parent vessel. Recently, a neurophysiological technique to monitor significant changes in regional cerebral blood flow (rCBF) during endovascular treatment of aneurysms may prevent ischemic complications and improve patients' outcome.
Neurophysiological monitoring (NPM), in addition to transcranial Doppler sonography, radionuclide CBF studies, and xenon CT, can indirectly measure rCBF and thus detect regional ischemia. The correlation between changes in NPM and changes in rCBF has been well established [3, 31] . The application of NPM [1, 5, 8, [24] [25] [26] [27] 32] in interventional neuroradiology has been gradually developed, particularly in arteriovenous malformation embolization, balloon test occlusion (BTO), and coil embolization of aneurysms. The purpose of this study was to assess the effectiveness and efficacy of NPM in detecting significant ischemia during endovascular treatment of cerebral aneurysms.
Materials and methods
The study was a prospective evaluation of patients treated during a 1-year period ending in July 2008. Sixty three patients ranging in age from 7 to 88 years (mean age, 56.5 years) who underwent NPM during endovascular treatment of cerebral aneurysms were included. Serial preand postoperative imaging studies including DSA, CT, or MR were performed in each case. At the time of the study, only one physician was actively involved in NPM for all elective and emergency endovascular cases.
Of all, 11 patients had ruptured aneurysms (seven in Hunt-Hess II, four in Hunt-Hess III) which underwent emergency treatments, whereas 52 had unruptured aneurysms. All coil embolization procedures (including balloon-remodeling, stent-assisted, and combined balloonstent-assisted) were performed with the patients under general anesthesia to minimize patient motion. Conscious sedation was used for patients who required BTO before definitive treatment to perform neurological examination in addition to NPM.
Propofol was used for induction of anesthesia. After opening of the dura mater, anesthesia was shifted to sevoflurane in order to reach a constant background EEG and to reduce pharmacologically induced EEG high frequencies and bursts [11] . During the temporary balloon inflation, systemic arterial hypertension was induced (increase by 20% of the mean arterial pressure).
The aneurysm location, treatment strategies, and NPM types of these patients are summarized in Table 1 .
Electrophysiological monitoring
NPM included EEG, somatosensory evoked potentials (SSEPs), and brain stem auditory evoked potentials (BAEPs), based on the location of the aneurysm and vascular territory at risk (Table 1) . In cases in which the internal carotid artery (ICA), anterior cerebral artery, or middle cerebral artery (MCA) vascular territory was at risk, NPM was accomplished by using a combination of EEG and SSEPs testing. Vertebral and basilar artery vascular supply required a combination of EEG, SSEPs, and BAEPs.
In elective or emergency cases, preoperative NPM baseline monitoring was performed in addition to a thorough or limited neurological examination while the patient was clear on the angiography table; for unconscious patients, only NPM was done preoperatively.
A Nicolet Viking IV Electrodiagnostic System (Nicolet Instrument Corporation, Madison, WI) was used to obtain the evoked potentials (Table 1) . Abnormal (scalp) EEG changes were defined as a 50% decline in amplitude or burst suppression patterns. Critical SSEP changes were defined as an amplitude reduction of the cerebral evoked potential of >50% or a latency delay (N19/P24) of >10%. BAEP analysis was accomplished by using the latency and amplitude of all peaks (I-V). Changes in BAEPs that were thought to be significant included >50% amplitude reduction of waves III or V and/or an increase in latency of the fifth peak or of the interpeak latency difference (PV−PI) >1 ms. Changes were further classified as permanent if the changes persisted to the end of the procedure and transient if the changes resolved to >50% of baseline before completion of endovascular treatment.
Results
Among 63 patients, 26 underwent coil embolization, 16 balloon-remodeling coiling, ten stent-assisted coiling, nine balloon-stent-assisted coiling, and two BTO. The average balloon inflation time for cases with balloon-remodeling or assisted coiling was 4.4 min. Table 2 lists the patients from whom NPM changes were identified, and describes when these changes happened and when they were resolved. NPM changes were seen in three patients (4.8%) with balloon-remodeling coil embolization, and the procedures were altered immediately (balloons were deflated). The coil embolizations were completed or nearly completed before NPM changes took place. Accom- Ten patients demonstrated abnormal angiographic findings without concurrent NPM (EEG, SSEPs, BAEPs) changes, of which five patients developed postoperative permanent neurological deficits with infarctions confirmed by CT or MR imaging studies (Table 3 ). For patients 1-8, it is clear that no changes in NPM (EEG, SSEPs, BAEPs) were to be expected. The neurological deficits without concurrent NPM changes at the time of the procedure were: (1) visual acuity deficit or visual field defect in three patients with BTO, balloon-remodeling coiling, or stentassisted coiling, respectively, and (2) limb weakness in two patients with coil embolization. The causes of immediate neurological deficits were parent vessel occlusion or flow slowing during the procedure. For patients 9 and 10 with angiographic occlusion of the fourth segment of MCA or ICA, changes in NPM would be expected; as a matter of fact, however, no changes in NPM (SSEPs or EEG) were detected during the procedures while postoperative limb weaknesses occurred, which would more likely be consi dered as false negatives of NPM. Fortunately, we did not observe delayed ischemic complications in our cases with serial imaging studies (CT or MR). In the other five patients, the abnormal angiographic findings (Table 3) did not result in neurological deficits probably because neither true flow slowing nor other haemodynamically significant changes occurred in these cases.
Discussion
Interventional neuroradiologists have been entering the era of neurophysiological monitoring (NPM) for endovascular treatment of cerebral aneurysms. There were a few of articles discussing NPM application in endovascular procedures [2, 13, 23, 27, 29, 30] . NPM including EEG and evoked potentials is particularly valuable when the patient must be placed under general anesthesia for coil embolization because concurrent neurological examination is not possible.
Neurophysiological techniques can directly assess the functional state of specific cerebral regions and thus detect Time to change the time from the beginning of procedure (balloon inflation) to NPM changes, Time to resolution the time from the change of procedure (balloon deflation) to resolution of NPM (within normal limits), Neuro exam neurological examination, Angio findings abnormal angiographic findings during the procedure, F/u follow up Fig. 1 Images from the case of a 66-year-old female who presented with headache. a Angiography showing a left ICA aneurysm packed with coils (white arrow). Balloon remodeling was attempted (green arrow). b A >50% decrease in amplitude of the right median nerve SSEP was noted (red and white arrow) 3 min after balloon inflation. Considering the change in potentials, it was decided to quickly deflate the balloon. The evoked potential returned to baseline levels 7 min later local ischemia, which can be continuously monitored during endovascular aneurysm treatment. The correlation between the NPM changes and cerebral ischemia has been well documented. In patients undergoing carotid endarterectomy, major EEG changes occurred with rCBF <10 mL/100 g/min [31] . SSEPs are maintained at levels of rCBF >16 mL/100 g/min but are absent at levels of rCBF <12 mL/100 g/min, with sharp reductions in the cortical SSEP amplitude (50% of baseline level) at rCBF levels between 14 and 16 mL/100 g/min [3, 17] . Central conduction time is also prolonged with cerebral ischemia at an rCBF threshold of approximately 15 mL/100 g/min [10] . Cerebral infarction occurred at an rCBF threshold of 12 mL/100 g/min maintained for >2 h [14] . These findings suggest that a 50% reduction in amplitude of the SSEP or a prolonged central conduction time >10 ms corresponds to an rCBF of 14 to 16 mL/100 g/min and is indicative of ischemia and possible progression to infarction. The usefulness of NPM has also been shown in the operating room [7, 9, 12, 15, 28] , especially in surgical treatment of cerebral aneurysms [19] . EEG provides a global assessment of cerebral ischemia but cannot be used to monitor the posterior fossa. Also, its sensitivity in the cerebrum is limited. In addition, only a limited number of electrodes can be placed on the patient's head because more electrodes would obscure optimal working projections for endovascular treatment. Martin et al. [20] recommended that recording of EEG from strip Considering the change in potentials, it was decided to quickly deflate the balloon. The evoked potential returned to baseline levels 20 min later Fig. 3 Images from the case of a 65-year-old female who was admitted incidentally. a Angiography showing an anterior communicating artery aneurysm packed with coils (white arrow). A loop of coil was noted to invaginate into the anterior communicating artery. Balloon remodeling was attempted (green arrow). b A >50% decrease in amplitude of the left tibial nerve SSEP was noted (white arrow) 8 min after balloon inflation. Considering the change in potentials, it was decided to quickly deflate the balloon. The evoked potential returned to baseline levels 4 min later electrodes placed on the cortical surface detects changes more frequently than either scalp EEG or SSEPs during vascular occlusion. Also, Debatisse et al. [6] suggested that by detecting earlier and more focal changes than scalp EEG, mEcoG may favor during surgery an increase in interactive strategies and reduction of deleterious event. SSEPs that use median and posterior tibial nerve stimulation are useful in assessing the functional state of the middle and anterior cerebral artery territories. However, SSEPs may be relatively insensitive in detecting ischemic changes in the cerebellum or posterior cerebral artery territories because SSEPs monitor the integrity of only specific sensory pathways and is dependent on somatosensory cortex and afferent pathways to generate the evoked response. BAEP monitoring detects functional changes along the auditory brain stem pathways. BAEP changes are most often caused by a brain stem insult, which could result from vertebrobasilar ischemia. However, ischemia in the cerebellum or posterior cerebral artery territories could still be missed. Other technical limitations include confounding anesthesia-related effects, which may mimic cerebral ischemia. These effects can generally be distinguished from true ischemia by recognizing typical waveform characteristics (bilateral rather than unilateral waveform changes) and by recognizing changes either in the type or dose of anesthetic agent used.
This study evaluates the effectiveness and efficacy of NPM to detect ischemia and alter treatment decisions during endovascular treatment of cerebral aneurysms; as such, it does not focus on clinical outcomes (complete or incomplete occlusion of aneurysms). In our series, we use a combination of EEG, SSEPs, and BAEPs in the angiography suite. The type of NPM is determined by the location of the aneurysm and its associated vascular territory, and the setup is critical. Actually, focal EEG slowing was not found while SSEP or BAEP changes altered treatment decisions for 4.8% of our patients (three of 63 patients). In these three patients with balloon-remodeling coil embolization, the evoked potentials finally returned to baseline after immediate deflation of balloons. None of these patients developed delayed neurological deficits due to ischemia or infarction. It cannot be concluded, however, that these three patients would have developed neurological deficits if the procedures of balloon inflation had not been altered. As a matter of fact, the false positive rate of NPM changes cannot be obtained in clinical practice.
As noted, there was a reportedly significant incidence of false negative NPM results [16, 18, 20, 21] . Ten patients in our series (Table 3 ) demonstrated abnormal angiographic findings without concurrent NPM (EEG, SSEPs, BAEPs) changes, of which five patients developed postoperative permanent neurological deficits (hemiparesis or visual disturbance). With significant angiographic occlusion of the fourth segment of MCA or ICA in two cases (patients 9 and 10), changes in NPM (SSEPs or EEG) would be expected before transient or permanent limb weaknesses occurred; however, no changes in NPM (EEG, SSEPs, BAEPs) were detected during the procedures. In these circumstances, it would be pointed out that false negatives of NPM occurred in these two specific cases.
In our series, motor evoked potentials (MEPs) were not employed for monitoring of motor function. Actually, SSEPs may be unchanged whereas MEPs' changes are detected, and a motor deficit occurs [12, 16] . On the other hand, the flash visual evoked potentials (VEPs) had proven to be of little use for intraoperative monitoring [4] and thus were denied for NPM in our series. Therefore, it was emphasized that a combination of SSEPs, EEG, BAEPs as well as MEPs based on vascular territories and possible ischemic regions should be considered individually as a supplement to angiographic findings or concurrent clinical neurological monitoring for endovascular treatment of cerebral aneurysms. In our study, three cases showed neurophysiological changes after 5 to 10-min balloon inflation and coil deployment. So far, there has no definitive answer yet regarding how long NPM changes can persist before ischemia proceeds to infarction. One report evaluated temporary occlusion in aneurysm surgery [22] . The mean occlusion time was 20.3 min for the patients with MCA aneurysms and 15.8 min for the patients with ICA aneurysms. The SSEP disappeared during parent artery occlusion. All except three eventually returned to baseline after recirculation, none of which experienced postoperative sequelae. The time period from the start of occlusion until the complete loss of the SSEP averaged 8.6 min, and the time period from total SSEP loss until recirculation averaged 12 min.
In conclusion, NPM is a valuable monitoring tool for endovascular treatment of cerebral aneurysms. A combination of SSEP, EEG, BAEP, or MEP may be particularly useful in situations in which neurological examination is not possible (such as when the patient is under general anesthesia) or when a patient's condition (such as obtunded subarachnoid hemorrhage) precludes neurological examination. It should also be emphasized that the decisionmaking and changing of endovascular procedures would not only be based on NPM changes but also the real-time abnormal angiographic findings.
